Objective: Acromegaly is a complex endocrine disease with multiple comorbidities. Treatment to obtain biochemical remission includes surgery, medical therapy and radiation. We aimed to describe comorbidities, treatment patterns and cost-of-illness in patients with acromegaly in Sweden. Design: A nationwide population-based study. Methods: Patients with acromegaly were identified and followed in national registers in Sweden. Longitudinal treatment patterns were assessed in patients diagnosed between July 2005 and December 2013. The cost-of-illness during 2013 was estimated from a societal perspective among patients diagnosed between 1987 and 2013. Results: Among 358 patients with acromegaly (48% men, mean age at diagnosis 50.0 (s.d. 15.3) years) at least one comorbidity was reported in 81% (n = 290). The most common comorbidities were hypertension (40%, n = 142), neoplasms outside the pituitary (30%, n = 109), hypopituitarism (22%, n = 80) and diabetes mellitus (17%, n = 61). Acromegaly treatment was initiated on average 3.7 (s.d. 6.9) months after diagnosis. Among the 301 treated patients, the most common first-line treatments were surgery (60%, n = 180), somatostatin analogues (21%, n = 64) and dopamine agonists (14%, n = 41). After primary surgery, 24% (n = 44) received somatostatin analogues. The annual perpatient cost was €12 000; this was €8700 and €16 000 if diagnosed before or after July 2005, respectively. The cost-ofillness for acromegaly and its comorbidities was 77% from direct costs and 23% from production loss. Conclusions: The prevalence of comorbidity is high in patients with acromegaly. The most common first-line treatment in acromegalic patients was surgery followed by somatostatin analogues. The annual per-patient cost of acromegaly and its comorbidities was €12 000.
Introduction
Acromegaly has a prevalence of at least 60 per million and an incidence of 3-5 cases per million per year (1, 2) . It is most commonly caused by increased growth hormone (GH) secretion from a benign pituitary adenoma (3) . The disease is associated with comorbidities affecting e.g. the cardiovascular system, the musculoskeletal organs, the respiratory system, and the endocrine/metabolic system (4, 5, 6) , as well as an increased mortality, mainly from cardiovascular diseases (5, 6, 7, 8) . Acromegaly and its associated comorbidities are associated with reduced quality of life (9, 10, 11, 12) . Increased GH secretion leads to increased serum insulin-like growth factor I (IGF1) concentration, insulin resistance, growth of skin, connective tissue, cartilage, bone, organs, and other tissues in the body. A somatotrope pituitary adenoma can also cause local symptoms with hypopituitarism and visual field defects. The disease has an insidious onset and therefore, the delay to diagnosis is often substantial, 3-7 years from onset of symptoms (5, 13, 14, 15) .
The goal of therapy is to normalize the circulating levels of GH and IGF1 (3, 16) and thereby reduce comorbidities and normalize the excess mortality (5, 6) . Treatment options include surgery, pharmacotherapy and radiation therapy, with transsphenoidal pituitary surgery being the recommended first-line treatment (17, 18) . Pharmacotherapy consists of somatostatin analogues (SSA), e.g. lanreotide and octreotide, but can also include a growth hormone receptor antagonist (GHRA), in the form of pegvisomant, or dopamine agonists (DA), e.g. cabergoline (16, 17) . Radiation therapy is an alternative in patients with uncontrolled acromegaly who have failed surgical and medical therapies or when these options are unsuitable (17) . The development of stereotactic radiosurgery may have improved the benefit-risk ratio of radiotherapy, but the main drawback of radiation therapy is the extended time delay (years) between treatment administration and disease remission as well as concerns over long-term safety due to the risk of hypopituitarism, stroke and secondary malignancies (19) .
The objective of this study was to describe comorbidities and treatment patterns among patients with acromegaly, and to estimate the cost-of-illness of acromegaly in Sweden from a societal perspective.
Subjects and methods
The study consisted of two parts: a longitudinal study of treatment patterns and a prevalence-based cost-of-illness study measured from a societal perspective.
Data were obtained via linkage of several national registers which cover the entire Swedish population. Patients were identified in the National Patient Register, which includes information on all specialized health care contacts. Via the unique personal identification number, this dataset was linked to the Swedish Prescribed Drug Register, including data on all prescribed medicines purchased in Swedish pharmacies (since July 2005); the Cause of Death Register for data on time and cause of death; and the Register on Sickness Absence, including data on time and underlying diagnosis for sickness absence periods lasting >14 days. The registers are held by the National Board of Health and Welfare, and the Social Insurance Agency.
Eligibility criteria
The part focusing on treatment patterns included all adult patients (>18 years of age at acromegaly diagnosis) with a first acromegaly diagnosis due to a pituitary adenoma between 1 July 2005 and 31 December 2013 (the inclusion period started in July 2005 since this is the earliest time point for when data from the Swedish Prescribed Drug Register is available). Acromegaly diagnosis was defined as International Statistical Classification of Diseases and Related Health Problems-10th Revision (ICD-10) code E22.0 (acromegaly) and at least one of the ICD-10 codes D35.2 or D44.3 (neoplasm of pituitary gland), where the neoplasm diagnosis occurred up to 5 years before the first acromegaly diagnosis or any time after the acromegaly diagnosis until end of study (31 December 2013); i.e. both the acromegaly diagnosis and one of the neoplasm diagnoses were required. Patients with a specialized health care contact for acromegaly from 1 January 1987 to 1 July 2005 were excluded in order to exclude patients diagnosed with acromegaly before July 2005. Patients were categorized into subgroups based on time of diagnosis (first specialized health care contact for acromegaly (ICD-10 code E22.0) before 1 January 2010 vs on or after 1 January 2010).
The second part of the study focused on the costof-illness among all adult patients diagnosed with acromegaly due to a pituitary adenoma in Sweden between 1 January 1987 and 31 December 2013. The diagnostic criteria were similar to those described above: Acromegaly diagnosis was defined as ICD-10/ICD-9 code E22.0/253A with ICD-10/ICD-9 code D35.2/237A or D44.3/227D, where the neoplasm diagnosis occurred up to 5 years before the first acromegaly diagnosis or any time after diagnosis until end of study (31 December 2013); i.e. both the acromegaly diagnosis and one of the neoplasm diagnoses were required for this population as well. To avoid overestimating the costs of acromegaly and its comorbidities, patients with no specialized health care contact due to acromegaly during 2013 were not included in the study population. Patients were categorized into subgroups based on the time of their diagnosis (first specialized health care contact for acromegaly (ICD-10/ ICD-9 code E22.0/253A) before 1 July 2005 vs on or after 1 July 2005). Subgroups based on time of diagnosis were formed in order to study treatment patterns and cost-of-illness over time. The cut-offs were decided a priori and they divided each population into similarly sized subgroups.
Comorbidities
All ICD codes registered at specialized health care visits for the patient population were reviewed and those considered related to acromegalic comorbidities were included if they were registered on or after the date of acromegaly diagnosis. The diagnostic codes for the comorbidities are listed in the Supplementary Table 1 (see section on supplementary data given at the end of this article), and the total frequencies of comorbidities are presented in Table 1 .
Treatment patterns
The following treatment options for acromegaly were included: surgery, radiation therapy, SSA, DA and GHRA. The start of treatment was defined as the date of the surgery or radiation therapy, or as the first purchase of the drug. The diagnostic codes for the treatments are listed in the Supplementary Table 2 .
Cost-of-illness
The cost-of-illness assessment encompassed direct medical costs (health care resource use and prescription drugs), direct non-medical costs (transportation in connection with health care visits), and production loss (due to sickness absence or mortality) arising due to acromegaly or its comorbidities, respectively, in Sweden during 1 January to 31 December 2013. All ICD-10 codes; procedure codes for surgical, medical or diagnostic interventions; and Anatomical Therapeutic Chemical (ATC) codes for prescription drugs, registered during 2013 were reviewed for inclusion. All included codes were attributed to either acromegaly or its comorbidities.
Data on health care use were retrieved from the National Patient Register, and the costs were estimated based on the Diagnosis Related Group (DRG) codes which are registered for each health care visit. The DRG code reflects the costs associated with the health care visit and any intervention performed at that occasion. The costs for prescription drugs were retrieved from the Swedish Prescribed Drug Register, and included both patient co-payment and the reimbursed cost. The costs for transportation in connection with health care visits were derived from a previous Swedish publication (20) . The costs of lost productivity encompassed sickness absence and mortality from acromegaly and its comorbidities among patients aged <65 years (i.e. the standard Swedish retirement age). Only sickness absence periods lasting >14 days are reported in the Register on Sickness Absence (thus, shorter sickness absence periods were not captured). To correctly calculate the lost productivity, the initial 14 days were added to each absence period. Production loss due to mortality was estimated from the deaths in 2013. The costs were estimated until the point in time when the patient would have reached 65 years, in order to balance the lack of data on production loss in 2013 due to deaths occurring prior to 2013. The costs occurring after 2013 were discounted at a rate of 3% per annum. The costs for lost productivity were measured with the human capital approach based on average national wages and social security contributions (21, 22) . All costs were adjusted to 2014 levels using the consumer price index, and presented in € (average exchange rate 2014: 1 € = 9.10 SEK), rounded to the nearest hundred.
Statistical analysis
Continuous variables were described with mean and standard deviation (s.d.). Categorical variables were described with frequency and percentage. For selected subgroup analyses, 95% confidence intervals (CI) are presented. Percentages were based on the number of nonmissing observations. Analyses were performed in SAS version 9.4 (Cary, NC, USA).
Ethical considerations
The study was approved by the Regional Ethical Review Board at the University of Gothenburg (820-14). For ethical reasons, the number of patients was presented as '<5' when the exact number of patients was 1-4, so that no individual could be identified.
Results

Treatment patterns
The predefined selection criteria identified 358 patients (men 48%, women 52%) with a first diagnosis of acromegaly due to a pituitary adenoma between Out of all 358 patients, 66% (n = 235) had undergone surgery for acromegaly at any time during the observation period, with 37% (n = 86) of those patients having undergone surgery more than once. Radiation therapy had been performed in 43 patients (12%); 16% (CI 11-21%) among those diagnosed before 2010 and 8% (CI 4-12%) among those diagnosed on or after 2010. Onethird (n = 127, 36%) had been treated with SSA; this was 44% (n = 81, CI 36-51%) among those diagnosed before 2010 and 27% (n = 46, CI 20-33%) among those diagnosed on or after 2010. Octreotide had been used by 57 patients (45% of the 127 patients), lanreotide by 36 patients (28%), and 32 patients had used both during the follow-up period (SSA type was unknown for the remaining 2 patients). DA had been used by 72 patients (20%), and overall 34 (10%) had been treated with GHRA.
The first-line acromegaly treatment was initiated on average 3.7 (CI 2.9-4.4) months after diagnosis ( Table 2) . The most common first-line treatments were surgery (60%), SSA (21%) and DA (14%). In 16% of the patients, no acromegaly treatment was recorded during the follow-up. Of the 180 patients who received surgery as firstline treatment, no additional therapy was recorded for 63% during follow-up, while 24% received SSA that was initiated on average 14.0 (CI 9.5-18.4) months after surgery ( Table 3 ). The most common second-line treatment after primary treatment with SSA was surgery (58%), which was performed on average 5.3 (CI 3.4-7.1) months after the initiation of SSA treatment. In 17 patients (27%), no further treatment was recorded when SSA was the first-line treatment. The most common treatment after first-line DA treatment was surgery (32%), while in the majority (63%), no further treatment was recorded.
When assessing treatment patterns by time of diagnosis, the findings suggested that time to first-line as well as to second-line treatment was shorter for those diagnosed on or after 2010 (Tables 2 and 3) .
Cost-of-illness
This part of the study included 529 patients who had used specialized health care due to acromegaly during 2013 (Table 1 ). In total, 90% had at least one comorbidity; the most common comorbidities were hypertension (49%), neoplasms outside the pituitary gland (44%), arthropathy (33%) and hypopituitarism (29%). The overall occurrence of comorbidities was higher among the 294 patients diagnosed before July 2005 (96% (CI 94-98%)) than among the 235 patients diagnosed on or after July 2005 (82% (CI 77-87%)). In these subgroups, the percentages of patients aged 65 years or older on 1 January 2013 were 51% (CI 45-57%) vs 22% (CI 17-27%), respectively.
The direct medical costs, direct non-medical costs and costs of production loss due to acromegaly and its comorbidities during year 2013 in Sweden was €6 328 000, which corresponds to an average cost of €12 000 per patient ( Table 4 ). The direct medical costs constituted the largest proportion of the total cost (77%), while the costs from lost productivity amounted to 23%.
Overall, costs due to acromegaly constituted 75% of the total cost with the remaining 25% being attributed to comorbidities. Acromegaly drug costs constituted 48% of the total costs, while health care resource use due to acromegaly was 16%. The costs of production loss from both sickness absence and death was €661 000 for acromegaly and €787 000 for comorbidities, estimated among the patients aged <65 years (n = 327 on 1 January 2013). There were 2738 days of sickness absence due to acromegaly (among a total of 32 patients) and 3579 sickness absence days due to comorbidities (28 patients). The distribution of the direct medical costs (i.e. for health care resource use and drugs) is presented in Fig. 1 . Drugs for acromegaly and comorbidities constituted more than two-thirds of the total direct medical costs. Overall, 140 patients had purchased SSA during 2013 (average cost €13 500 per patient with at least one such purchase), 45 had purchased DA (€200 per patient) and 42 had purchased GHRA (€27 700 per patient). The medical interventions for acromegaly encompassed for example imaging, laboratory evaluations and neuro-ophthalmological assessments.
The total cost per patient was lower if diagnosed before July 2005 (€8700 (CI: €6500-€10 900)) than if diagnosed on or after July 2005 (€16 000 (CI: €12 800-€19 300)). Figure 2 presents the distribution of the costs in these two subgroups. The percentage of the total costs that was attributed to the comorbidities was 38% if diagnosed before July 2005 and 16% if diagnosed more recently. The most pronounced discrepancy was observed for costs related to acromegaly, particularly health care resource use (€400 (5% of the total cost) vs €3700 (23%)), sickness absence (€100 (1%) vs €1600 (10%)), and production loss due to mortality (no cost vs €1100 (7%)) for patients diagnosed before and after 2005, respectively.
As described above, a higher percentage of patients diagnosed before 2005 were aged 65 years or older in 2013; 51% vs 22% among patients diagnosed after 2005. The total cost per patient was lower among those aged 65 years and older than among the younger patients, both among patients diagnosed before 2005 (€6000 vs €11 500) and among those diagnosed after 2005 (€9900 vs €17 800). Over all ages, the direct medical costs were summarized to €6900 per patient diagnosed before 2005 and to €12 000 if diagnosed after 2005. However, there were no substantial age differences in the direct medical costs among patients diagnosed before 2005 (€6000 for patients aged ≥65 years vs €7900 for patients aged <65 years), nor among those diagnosed after 2005 (€9700 vs €12 700). The older patients had no indirect costs, since these could arise only among patients aged <65 years. For all patients included in the cost-of-illness analysis, the mean total cost per patient due to acromegaly was €9100 while the mean total cost per patient due to comorbidities was €3000. The corresponding numbers for those diagnosed before July 2005 were €5400 and €3300, while for those diagnosed after July 2005 the costs due to acromegaly and comorbidities were €13 500 and €2600 respectively.
Discussion
In this study, the occurrence of comorbidities and longitudinal treatment patterns were described among patients with acromegaly in Sweden. Furthermore, the annual economic burden of acromegaly and its comorbidities to society was estimated in Sweden.
The majority of patients (81%) diagnosed with acromegaly due to a pituitary adenoma between 2005 and 2013 had at least one comorbidity. The most common comorbidities were hypertension, neoplasms (outside the pituitary gland), hypopituitarism and diabetes mellitus. The observed frequency of neoplasms gave no clear indication of a deviating pattern, although no comparison to the general population was made. The clinical characteristics in this population were similar to those previously described in other cohorts of patients with acromegaly (4, 10, 23, 24), supporting the validity of the applied eligibility criteria. A higher percentage of patients diagnosed prior to 2010 as compared to after 2010 had at least one comorbidity. Likely explanations are that the more recently diagnosed patients have not yet developed comorbidities to the same extent as those who have had acromegaly during a longer period of time, the shorter delay in diagnosis in more recently diagnosed patients, and possibly the fact that radiation therapy was more commonly used before 2010 (25, 26, 27, 28) .
Surgical treatment is the recommended primary treatment for patients with acromegaly (17) . In our study population, two-thirds had received surgical treatment, which is in alignment with other reports (25, 26, 27, 28) . The majority who had a primary surgical treatment received no further treatment suggesting that a large proportion of patients obtained biochemical remission by surgery. One-quarter of the patients received SSA as the second-line treatment after surgery. Radiation therapy was administered in 8% of the patients who received surgery as the first-line treatment, and overall 12% of the patients received radiation therapy (16% of those diagnosed before 2010 vs 8% of those diagnosed on or after 2010). A similar decline in use of radiation therapy was also seen in studies performed in Belgium (25) , Canada (28) , Germany (26) and Spain (27) . The decline observed in our study could also have been influenced by the longer follow-up time among those diagnosed before 2010, but a more likely explanation is a change in treatment practices over time, as seen in other studies (25, 26, 27, 28) . This is in accordance with treatment guidelines (published 2014) stating that radiation therapy is only recommended in case of residual tumour mass after surgery and if medical therapy is unavailable, unsuccessful or not tolerated (17) .
The second most common first-line treatment was SSA, received by 21% of the patients. SSA was typically followed by surgery, which was performed on average 5 months after SSA initiation. This treatment pattern could indicate that SSA treatment was used for the purpose of improving the surgical outcome as has been suggested in some previous studies (29) . Another interesting observation was that the frequency of SSA treatment was higher in patients diagnosed before 2010. There are a number of possible explanations, including a shorter follow-up time among those diagnosed on or after 2010 or an improvement in the surgical outcome. In 16% of the patients, no treatment for acromegaly was recorded during follow-up. Most of these patients had been diagnosed with acromegaly in the end of 2012 or in 2013, and it is therefore possible that a therapeutic intervention did not occur before the end of this study. Another possibility is that some patients had mild disease, refused treatment or had comorbidities affecting the decision of treatment.
The findings suggested that the time to first treatment was shorter among those with a more recent diagnosis of acromegaly. This could suggest a trend towards a more prompt initiation of treatment once the patient has been diagnosed with acromegaly. However, the pattern may again have been influenced by the shorter follow-up time among those diagnosed on or after 2010. Another plausible explanation is an increased awareness of the complications and comorbidities associated with acromegaly as well as the more solid data on the importance of biochemical control for mortality in these patients that has shortened the time from diagnosis to treatment (5, 6) .
The societal cost-of-illness of acromegaly and its comorbidities was assessed among 529 patients, which is to our knowledge the largest such investigation that has been performed. The economic burden of acromegaly and its comorbidities was estimated to €6 328 000 in year 2013, corresponding to an annual per-patient cost of €12 000. The direct costs made up the majority of the total cost, while the production loss only constituted a smaller part. The largest driver of the direct medical costs was drugs for the treatment of acromegaly, followed by health care resource use due to acromegaly, drugs for comorbidities, and lastly health care resource use due to comorbidities. Production loss from sickness absence due to comorbidities was the largest driver of the indirect costs, followed by sickness absence due to acromegaly.
A gradient was observed for the costs in relation to the time of diagnosis. The annual per-patient cost was markedly higher for patients diagnosed on or after July 2005 compared to before. This could be explained by a more active resource use closer to the diagnosis of acromegaly. Indeed, a large contributor to this gradient was the difference in direct medical costs, which were summarized to €6900 per patient diagnosed before July 2005 and to €12 000 per patient diagnosed on or after July 2005. Comorbidities gave rise to a larger proportion of the total costs among patients diagnosed before July 2005 than among those diagnosed more recently (38% vs 16%); thus, the costs related to acromegaly constituted a larger proportion of the total cost among those diagnosed more recently. One explanation for this difference in distribution of costs could be that the more recently diagnosed patients had not yet developed comorbidities to the same extent as those who have had acromegaly for a longer period of time (comorbidities were present in 96% of those diagnosed before July 2005 as compared to 82% in those diagnosed on or after July 2005, and the patients diagnosed before July 2005 were older at the time of the cost-of-illness assessment). Another potential explanation could be that the shorter delay of diagnosis and improved surgical techniques and medical therapy have decreased the development of comorbidities.
There are a few previous studies of the costs associated with acromegaly (30, 31) . However, comparisons of costof-illness estimates are sensitive to differences in e.g. health care systems between countries, the perspective in which the costs are estimated e.g. from a societal or health care perspective, the methods applied to assess resources and costs, etc. In relation to our findings of an annual per-patient cost of €12 000, previous Swedish studies have estimated the societal per-patient cost of diabetes (type 1 and 2) to about €3600 per year (32), of atrial fibrillation to about €5000 per year (33) , of asthma to about €1800 per year (34) , and the costs of breast and prostate cancer (including also e.g. informal care) to be €55 400 and €31 500 per year, respectively (35) .
This study was based on real-world data from national registers. All Swedish citizens are covered in the registers and the data are based on clinical practice. Furthermore, the registers have been available for a long period of time, which enabled longitudinal analyses of treatment patterns. Due to the unique personal identification numbers, the linkage between registers is performed with high precision.
There are also some limitations. Since the data are based on clinical practice, the diagnostic coding practices may vary between hospitals and/or physicians, etc. The register data on health care use included specialized health care only. Some of the comorbidities may be treated in primary care only, and would thus not have been captured in the data. Thus, the occurrence of and cost related to comorbidities could be underestimated. Another consequence is that the costs of primary health care were not included in the cost-of-illness assessment. Finally, we did not validate the search criteria against patient records, however we have in previous studies on craniopharyngioma and pituitary adenoma validated search criteria in Swedish national registries, with good results (36, 37) . However, by using both the endocrine and the neoplasm diagnosis we have performed a conservative selection of patients. This may have excluded some patients with acromegaly and it has surely excluded the rare patients with acromegaly due to other causes than pituitary adenoma.
Conclusions
Comorbidity in patients with acromegaly is very frequent. The most common first-line treatment in acromegalic patients was surgery followed by medical treatment with SSA. The annual economic burden of acromegaly and its comorbidities on society in Sweden was estimated to over €6 million.
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